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IKTRGDUCflON 


Research on this great consisted prisMrily of etudies of fluid aechenlcel 
effects cn combustion processes in steedy flow co^ustors, especlelly ges 
turbine cosibustors. Flow feetures of most interest were vorticity, especially 
swirl, and turbulence. The research included theoretical analyaos, numerical 
calculations and experiment. The theoretical and numerical work focused on 
noncombusting flows, while the experimental work, which formed the bulk of the 
research program during the later years of the grant, consisted of both 
reacting and non~reactlng flow studies. Our objective in this research was to 
form a better understanding of the influence of vorticity (swirl) and 
turbulence on fluid dynamics and combustion dynamics occurring in combustors 
of interest to Lewis and to develop an experimental data set, e.g. velocity, 
temperature and coaiposition, for a swirl flow combustor which could be used by 
combustion modelers for development and validation work. We believe we have 
been quite successful in achieving these specific research goals. In 
addition, our NASA grant has helped support and train a large number of 
graduate students both for the M.S. and the Ph.D. degrees, see Appendix I. 

The scope of our research is clearly indicated in the list of papers and 
publications resulting in whole or in part from grant research, Appendix III, 
and by the list of theses related to the Grant, Appendix II. Work on the 
grant and results are fully reported in these theses, reports and publications 
(copies of the most recent ones are attached). Therefore, details of the tiork 
and results will not be presented here. Instead, a brief summary of our 
findings and their implications for research, development and design is 


presented. 
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RESEARCH SUMMARY 
Swirl Flow 

Studies of swirling recirculating flow* fonsed a siajor coaponent of Grant 
research efforts. Professor Leibovich led a series of studies on 
vortex breakdown in high Reynolds nuaber flow which built on previous work 
wherein ideas by Benjamin [1] had been exploited and a trapped wave aodel for 
the axisyametric fora of vortex breakdown was developed [2,3]. Paler [4] aade 
careful observations of vortex breakdown forma for different flow conditions 
and aeaaured the velocity field of an axisyaaetric vortex breakdown. 
Coaplicated, unsteady nonaxisyaoietric flow features were observed by Paler in 
the central recirculation sone and are attributed to flow instabilities. 
Further observations of these flow patterns at higher Reynolds numbers were 
aade by Garg [3], while a complementary theoretical study of these instabi- 
lities was suide by Huang [6]. Coherent flow patterns are frequently observed 
in turbulent, as well as laminar, swirling flows, and many important questions 
concerning them, including their connection to instability phenomena, remain 
to be answered. Professor Leibovich continues work on instability problesa 
with other sponsorship. 

A series of numerical calculations were carried out with grant support 
building on work for laminar swirling flows by Torrance and Kopecky [7j. 

Under Professor Gouldin's guidance several turbulent flows were studied using 
a k-e turbulence sK>del. Kubo [8] used a stream function-vorticity , finite 
difference code to evaluate the effect of various flow parameters on the 


* 

Lin and Moore [25] on a previous NASA Grant (NGL-33-010-042) studied flow 
recirculation induced by aximuthal vorticity (smoke rings) rather than 
swirl. 



rtcirculat ion ton* forntd in a confinad concantric twirling jat Clow cowpoaad 
of a circular jat aurroundad by a aacond annular jat. Coudayraa [9] andifiad 
Kubo'a coda to atudy flow bahind a aingla NASA awirWan nodula^ whila Lau 
[10] inveatigatad tha aaaa coda to aaaaaa tha aolution aanaitivity to changaa 
of inlat conditiona and tha rata of convarganca. Multiple recirculation aonaa 
were found by Coudayraa for tha awirl~«odula, and Hainea [11] attaa|>tad to 
verify thia obaarvation by atudying an actual awirl module in a water flow 
facility. He found that the flow waa highly unateady with diacrete low 
frequency oacillationa and that tha inlet flow (to the teat aection) from the 
nodule in the man waa not axisymmatric aa aaaiaaed in the calculationa. Ueu 
found very alow convergence for the calculationa in the vortex core region. 

Baaed on the work daacribed ao far a nuaber of concluaiona were reached. 
Ihe generation of flow revaraal in the awirling flowa which wa have atudied ia 
an inertia dominated proceaa (viacoua forcea and Raynolda atraaaea may be 
neglected). A proper prediction of thaaa flowa requirea accurate 
apecif ication of the inlet and boundary conditiona. An accurate turbulence 
model ia of aacondary importance to the prediction of recirculation but ia 
required to predict flow in tha recirculation xone and for predicting species 
and energy transport in combusting flows. The instabilities observed in 
laminar flow must be modeled if these flows are to be fully understood and 
discrete frequency oscillations related to these instabilities may be 
important in turbulent flow as well. 

Vu and Gouldin [12], using pressure probes end hot-wire anemometers, 
conducted velocity maasurementa in an experimental flow tunnel with a 
concentric jet configuration similar to that studied mnerically by Kubo [8]. 

A five-hole pressure probe operated in the null mode was used to find mean 
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flow speed end direction, while e single element hot-^ire sensor wes used to 
swesure velocity fluctuation cherecteristics ouch es the turbulence intensity 
end the Reynolds stresses. The influence of swirl level on the recirculation 
tone wes studied and extensive aeasureaents of aeen flow end turblence 
quantities for two flow conditions were made to provide data for nusierical 
model development and validation. These data have been supplied to a number 
of investigators including researchers at Garrett, General Electric, United 
Technologies and trigham Young University. These sK^asurewents are considered 
quite buccessful. (Results of recent laser doppler velocimetry (LDV) 
measurements at Carnegie-Hellon University [13] on an almost identical flow 
apparatus have confirmed the results.) iMditional velocity measurements with 
LDV in this flow configuration have been made at Cornell in combusting and 
noncombusting flows with emphasis on mean velocity and rms velocity 
fluctuations [14,13]. 

Combustion Studies 

Experimental investigations of the combustion characteristics of a 
premixed gaseous-fueled swirl combustor with a concentric jet configuration 
similar to the one described above formed a second major component of our 
grant research. The combustor was fired on methane and propane and was 
operated at atmospheric pressure without preheating. Construction and early 
testing of the combustor including the determination of blow-^ut limits for 
m<*thane firing were carried out under SNF funding [16]. With NASA support 
exhaust emissions and combustion efficiency were omasured as a function of 
flow conditions [20,21] for methane and propane firing. For two specific flow 
conditons sampling and thermocouple probes were used to measure mean 
temperature and gas composition distributions in the combustor [17], while 
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Beyler and Gouldin [18] Beasurement cheal-luminaecant eaiasiona froa the 

coabuator to deteraine the tiae-aean location of the reaction tone for the 

aaae two conditiona. 

Froa these aeasureaents and velocity aeasureaents [14,15] the following 

picture of the coabuatlon process eaerges: 

1. Coabustlon occurs in a relatively thin (few ns) turbulent reaction zone 
with characteristics very siailar to a premixed turbulent flame. 

2. Reaction begins on the combustor centerline upstream of the recirculation 
zone where the local effective turbulent flaae speed equals the local 
mean axial velocity. 

3. The reaction zone propagates radially as it is carried dotmstream. 

4. The reaction zone lies in the boundary layer flow around the 
recirculation zone. 

5. The primary role of the recirculation zone in flaae stabilization is to 
provide a low mean velocity region upstream of its front stagnation 
point . 

6. Temperatures are high in the recirculation zone and therefore N(^ 
formation rates and concentrations are high. The contirbution of this 
region to exhaust NO,^ is not known since the flux of NO^ out of the 
recirculation zone by turbulence has not been established. 

7. Significant amounts of HO 2 are observed in the exhaust flow and the 
N 02 /N(^ fraction is larger for conditions which promote mixing of the 
two jet streams - inner premixed fuel/air and outer air. Reasonable 
chemical kinetic mechanisms for the conversion of NO to NO 2 hjve been 
proposed by Chen [19j. 

8. Combustion eficiency is low in this configuration in part becasue of the 
absence of hi gh pressure and preheat. Efficiency is determined by the 
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ability of tha flaaa to propagate radially acroaa flov strcttilines. In 
turn, this ability ii detanainad by tha turbulanca levels vhich influence 
flaae speed, by the «ean velocity patterns and by the oiixng between the 
two jets. These different factors interact in a cooplex way. SaHill, 
apparently winor changes in flow conditions result in significant changes 
in efficiency [21]. Similar results are obtrained for oMthane and 
propane firing implying that chemical kinetics play a secondary role in 
determining the flame speed and hence combustion efficiency. 

9. Swirl induces significant radial pressure gradients which affect 

turbulence levels in cold flow and to a much larger extent in hot flow 
where density fluctuations introduce new terms into the turbulence 
equations. This interaction explains the dramatic change in flame 
appearance which we observe when swirl levels are changed. 

Two important final observations can be made regarding the implications 
of our findings on swirling flow combustion with premixed reactants. The 
formation of a recirculation sons is dominated by inertial effects - viscous 
and turbulent stress terms may be neglected in the mean flow equations - and 
wave motions may be important to the process. On the other hand combustion 
processes which are influenced by heat and mass transfer sre greatly 
influenced by turbulent transport, and therefore good turbulence models are 
required to model combusting flows. Research on flow field prediction has 
tended to emphasise turbulence model development. In part this concern is 
misguided and diverts attention from the important questions of proper inlet 
and wall boundary layer specification, of numerical convergence and numerical 
error and of the roles of flow asymmetry and instability. In view of what we 



now know concerning swirling flow procesea one is forced to conclude that no 
numerical code is satisfactory for flow prediction %»hen a central 
recirculation zone is present and that agreement obtained so far is 
fortuitious. 

In diffusion controlled combustors with liquid fuel sprayed into the 
recirculation zone, reaction occurs for the most part in the mixing region 
between the recirculation zone and the surrounding flow, this is not the case 
for a premixed combustor where fuel is injected upstream of the recirculation 
zone and then flows around the recirculation zone. In premixed flows, high 
combustion efficiency depends on the ability of reaction to penetrate this 
surrounding flow, for a flame to propagate away from the recirculation zone. 
For such combustors turbulent flame dynamics are of paramount importance, 
while the recirculation zone plays a secondary role. Ihis important 
distinction between premixed, prevaporized combustors and liquid fueled, 
diffusion controlled combustors is not fully appreciated. 

Turbulent Flame Studies 

A third major componet of our NASA funded research was a study of 
premixed turbulent flames. The motivstion for this work is two fold - to 
study the influence of turbulence on combustion in an uncomplicated flow field 
and to improve our understanding of turbulent flame processes which are 
important in premixed, prevaporized combustors. This work began with modeling 
efforts by Gouldin [22] who proposed a flame speed correlation and concluded 
with a series of experiments on a laboratory burner. These experiments 
composed the major portion of our research on turbulent flames and were the 
work of two successful Ph.D. candidates - K. 0. Smith and K. V. Dandekar. 


Saleh [23] developed e burner for atudylng coabuetion in e well defined 
turbulent flow-grid turbulence-end he developed end refined e novel technique 
for aeeauring the turbulent fleae speed ee e function of position in the 
flow. Preliainery laser velociaetry aeesureaents and teaperature aeasureaenta 
were perforaed by Saith as well. A large aaount of data of good precision 
were obtained by Saith for a range of flow conditions in aethsne-air flaaes. 

The flaae speed aeasureaent technique was further refined by Dandekar 
[24] who aeasured flaae speed for propane-air, ethylene-sir and aethane-air 
mixtures. Dandekar used laser velocisatry and Rayleigh scattering to aake 
extensive aeasureaenta of velocity and aoleculsr number density (the 
reciprocal of temperature) in methane-air flaaes. Velocity aeasuresMtnts 
revealed considerable streaaline curvature across the reaction sone which is 
dependent on the mixture strength and flaa» angle with respect to the reactant 
flow. Large changes in velocity fluctuation levels in the reaction sone were 
also observed indicating a coupling between cosd>ustion dynamics and turbulence 
dynamics. The density measurements \aq>lied a wrinkled-laminar-flaae structure 
for the turbulent flame which is consistent with other findings. The laminar 
flaae thickness was found to be the same order as the turbulent flaae 
thickness, a cosaion situation for flames in low turbulent Reynolds number 
flows. Frequency spectral analyses of the density data indicated that the 
wrinkling of the laminar flaaelets or flaae sheets is not determined solely by 
the turbulence dynamics but that instabilities of the flaaelets may be 
triggered by the turbulence. These expeiaents clearly show that the 
combustion affects turbulence fluctuations and that there is a strong coupling 
between chemical dynamics and heat release and turbulence dynamics. Further 
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• tudies of the«« dynuilc* «r« of great laportanca to tha underatanding of 
praaixad turbulent flaaea and wa plan to continue our raaearch in thia area. 


CLOSURE 

Over a aeven year period va have received aupport froa by NASA Levia. 

With thia continued aupport we have been able to attack and aolve a variety cf 
flow and coabuation probleaa. The constancy of thia support has allowed us to 
attack large and coaplex probleaa froa aore than one prospective, while 
regular review of our work has helped to aaintain our focus on NASA probleaa. 
This support also has helped train a nuaber of graduate students who are now 
either still in school or are active in industry and teaching and thus a 
benefit to the nation. This NASA support is greatly appreciated and 
gratefully acknowledged. 
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